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ABSTRACT Bacteriophages are viruses that infect and
kill bacteria. Bacteriophage do not infect animal and plant
cells, which makes them a potentially safe alternative to
antibiotics. We have been conducting research on the
efficacy of bacteriophage to prevent and treat colibac-
illosis in poultry. Bacteriophages that were lytic to a non-
motile, serotype O2 isolate of Escherichia coli were isolated
from municipal wastewater treatment plants and poultry
processing plants. This E. coli isolate is pathogenic to
poultry, causing severe respiratory and systemic infec-
tions. Two bacteriophage isolates were selected for use
in studies designed to determine the efficacy of these
bacteriophage to prevent and treat severe colibacillosis
in poultry. Colibacillosis was induced by injecting 6 x 10*
cfu of E. coli into the thoracic air sac when birds were 1

wk of age. Initial studies demonstrated that mortality was
significantly reduced from 85 to 35% when the challenge
culture was mixed with equal titers of bacteriophage, and
the birds were completely protected when the challenge
culture was mixed with 10° pfu of bacteriophage. In sub-
sequent studies, we have shown that an aerosol spray of
bacteriophage given to birds prior to this E. coli challenge
could significantly reduce mortality even when given 3
d prior to the E. coli challenge. Our research on treating
colibacillosis in poultry has demonstrated that an intra-
muscular injection of bacteriophage given 24 or 48 h after
the birds were challenged rescued the birds from this
severe E. coli infection. We have demonstrated that bacte-
riophage can be used to prevent and treat colibacillosis
in poultry and may provide an effective alternative to
antibiotic use in animal production.
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INTRODUCTION

Bacteriophages are viruses that infect and kill bacteria.
Bacteriophage kill bacteria, which provides an opportu-
nity to use bacteriophage as an alternative to antibiotics
to prevent and treat bacterial infections and to reduce
foodborne pathogens on agricultural products. Bacterio-
phages are safe, having no activity against animal or plant
cells, and appear to have evolved with bacteria as they
are ubiquitous in nature. Bacteriophages were codiscov-
ered in the early 1900s by Twort (1915) and d’Herelle
(1917). Bacteriophages are typical viruses that have a pro-
tein coat that encloses a nucleic acid, which can be DNA or
RNA. There are 2 general types of bacteriophage, virulent
and temperate, and they differ in life cycle. Virulent bacte-
riophage kill bacteria through a multiple-step process.
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First they adsorb to bacteria through recognition of spe-
cific attachment sites (receptors) on the surface of the
bacteria. Their nucleic acid (DNA or RNA) is then injected
into the bacterium. Viral replication is then achieved in
the bacteria. The bacteria are destroyed through lysis,
resulting in an average release of 50 to 200 daughter
particles. Temperate bacteriophage do not immediately
replicate in the bacterium they infect, but coexist within
the bacterium as a prophage (viral nucleic acid inserted
into the bacterial genome), that is replicated along with
the bacterium, thereby converting the bacterium to a lyso-
genic strain. When lysogenic bacteria are stressed, the
prophage can become activated, resulting in replication
of the virus and killing of the bacteria through lysis. Gen-
erally, virulent bacteriophage provides the greatest op-
portunity in various applications to control bacteria.
Almost immediately after their discovery, there was
interest in using bacteriophage to prevent and treat bacte-
rial infections. There were successful applications of bac-
teriophage therapeutics, but therapeutic efficacy of
bacteriophage was inconsistent, and research and product
development was for the most part discontinued with
the development of antibiotics. There were exceptions to
this trend mainly in Eastern Europe. The Eliava Institute
(Tblisi, Georgia, of the former Soviet Union) has contin-
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ued bacteriophage research to the present. The Eliava
Institute was established in 1923 by Giorgi Eliava a former
student of Felix d"Herelle. The Russian research on bacte-
riophage in human medicine was reviewed by Alisky et
al. (1998). Besides the continued research on bacterio-
phage conducted at the Eliava Institute, there are a num-
ber of papers on work done in Poland using
bacteriophage therapy in human medicine (Slopek et al.
1981, 1984, 1985, 1987; Weber-Dabrowska et al. 1987).

There is growing interest in the use of bacteriophage
to control bacterial infections. The ability of bacteriophage
to control diarrhea induced by Escherichia coli in calves,
piglets, and lambs has been demonstrated (Smith and
Huggins, 1983; Smith et al., 1987). These authors have
also demonstrated the ability of phage to treat E. coli
infections in mice (Smith and Huggins, 1982). Barrow et
al. (1998) demonstrated the ability of bacteriophage to
protect chickens from intramuscular challenge with E.
coli when bacteriophage is simultaneously injected at dif-
ferent sites. Soothill (1992) found that bacteriophage
would protect mice from infection with Acinetobacter bau-
manii and Pseudomonas aeruginosa. Vancomycin-resistant
Enterococcus faecium is a serious and growing nosocomial
infection. Biswas et al. (2002) demonstrated that bacterio-
phage could rescue mice from a lethal challenge with
vancomycin-resistant E. faecium. Bacteriophage provides
effective control of disease caused by Pseudomonas plecog-
lossicida in ayu, a fish raised in Japan (Park et al., 2000).
Matsuzaki et al. (2003) was able to protect mice from a
lethal injection of Staphylococcus aureus. Vibrio vulnificus
is an opportunistic pathogen of humans that can result
in septicemia and is often associated with the consump-
tion of oysters. Cerveny et al. (2002) have demonstrated
that bacteriophage had therapeutic value in the treatment
of localized and systemic infections with V. vulnificus in
a murine model.

There is significant research on the use of bacteriophage
to control foodborne pathogens, such as Salmonella, Liste-
ria monocytogenes, E. coli O157:H7, and Campylobacter on
agricultural products. Research demonstrating the effi-
cacy of bacteriophage to reduce L. monocytogenes on fresh-
cut produce has been demonstrated by Leverentz et al.
(2003). Lytic bacteriophage have been shown to decrease
Salmonella and Campylobacter contamination on chicken
skin (Goode et al., 2003). There is also a significant re-
search effort being conducted on controlling Salmonella
on poultry products (Higgins et al., 2002).

RESEARCH ON BACTERIOPHAGE
TO PREVENT AND TREAT
COLIBACILLOSIS

We have been conducting research on the use of bacte-
riophage to prevent and treat colibacillosis in broiler
chickens for the past several years. We isolated bacterio-
phage to an E. coli poultry isolate (serotype 02) using
either waste water from municipal sewer treatment plants
or poultry processing plants as described by Huff et al.
(2002b). Two bacteriophage isolates, designated SPR02
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FIGURE 1. The effect on mortality (%) after mixing bacteriophage
(SPRO2) with an Escherichia coli challenge culture to prevent severe
colibacillosis in broiler chickens. Treatment 1, control; treatment 2, E.
coli challenge at 10% cfu/mL; treatment 3, E. coli challenge at 10% cfu/mL
mixed with 10° pfu/mL of bacteriophage; treatment 4, E. coli challenge at
10° cfu/mL mixed with 10° pfu/mL of bacteriophage; treatment 5, E.
coli challenge at 10* cfu/mL; treatment 6, E. coli challenge at 10* cfu/
mL mixed with 10 pfu/mL of bacteriophage; and treatment 7, E. coli
challenge at 10* mixed with 10® pfu/mL of bacteriophage. *“Vertical
bars with different letters differ significantly (P < 0.05).

and DAF6, were selected for these studies based on size
and clarity of plaques. They were amplified by inoculat-
ing a culture of E. coli grown for 2.5 h with bacteriophage
followed by overnight incubation at 37°C. The cultures
were then centrifuged (2,500 x g) and passed through a
0.2-uym membrane filter. Bacteriophage enumeration was
conducted using the soft agar overlay procedures as de-
scribed in detail by Huff et al. (2002b).

Our initial study was conducted to determine if mixing
our E. coli challenge culture with a single bacteriophage
prior to challenging the birds would prevent the onset of
colibacillosis (Huff et al., 2002b). At 7 d of age birds were
challenged by injecting E. coli in the air sac at 10° cfu/mL
or with the challenge culture mixed with bacteriophage
SPRO2 at 10° or 10° pfu/mL. In addition, birds were chal-
lenged via air sac with E. coli at 10* cfu/mL or with the
challenge culture mixed with bacteriophage SPR02 at 10*
or 10® pfu/mL. These studies were concluded when the
birds were 3 wk of age. The effects of these treatments
on mortality are presented in Figure 1. Mortality was
significantly decreased from 80% (treatment 1) in the
birds that received 10° cfu/mL of E. coli to 25 and 5%
when the challenge culture was mixed with 10° or 10°
pfu/mL of the bacteriophage, respectively (treatments 3
and 4). Mortality was significantly decreased from 85%
(treatment 5) in birds that received 10* cfu/mL of E. coli
to 35% in the birds challenged with 10* cfu/mL of E. coli
mixed with 10* pfu/mL of bacteriophage (treatment 6).
There was complete protection when this challenge cul-
ture was mixed with 10® pfu/mL of the bacteriophage
(treatment 7). Although these initial studies represented
a somewhat artificial experimental design, they demon-
strate that if bacteriophage are present at the site of the
bacterial infection at high enough titers, the bacteriophage
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FIGURE 2. The effect on mortality (%) after administration of an
aerosol spray of bacteriophage before challenging the bird with E. coli
to prevent severe colibacillosis in broiler chickens. Treatment 1, control;
treatment 2, control spray; treatment 3, bacteriophage spray; treatment
4, control spray at 7 d of age challenged with E. coli at 7 d of age;
treatment 5, bacteriophage spray at 7 d of age challenged with E. coli
at 7 d of age; treatment 6, control spray at 7 d of age challenged with
E. coli at 8 d of age; treatment 7, bacteriophage spray at 7 d of age
challenged with E. coli at 8 d of age; treatment 8, control spray at 7 d
of age challenged with E. coli at 10 d of age; and treatment 9, bacterio-
phage spray at 7 d of age challenged with E. coli at 10 d of age.
“Vertical bars with different letters differ significantly (P < 0.05).

are effective in preventing the bacterial infection, in this
case, the onset of severe colibacillosis.

Bacteriophage might be used to prevent bacterial infec-
tions. To investigate the potential of bacteriophage to
prevent bacterial infections, we conducted several studies
to determine if bacteriophage could prevent colibacillosis
(Huff et al., 2002a). The basic experimental design was
to administer the bacteriophage as an aerosol spray prior
to challenging the birds with E. coli. In these studies we
sprayed the birds with a diluent (PBS) or bacteriophage
cocktail containing bacteriophage SPR02 (10® pfu/mL)
and DAF6 (10° pfu/mL) when the birds were 7 d of age.
The birds were then challenged with E. coli by air sac
inoculation with10* cfu/mL immediately after being
sprayed with the diluent or bacteriophage (7 d of age) or
at 8 or 10 d of age. These and subsequent data were
presented as percentages and transformed as the square
root of the arc sine prior to statistical analysis. Pen means
were the unit for statistical analysis. Significant differ-
ences between treatments were separated using least
squares means procedures of SAS software. All state-
ments of significance are based on a probability level
of 0.05.The effects of these treatments on mortality are
presented in Figure 2. The birds that were sprayed with
PBS and immediately challenged with E. coli had 63%
mortality (treatment 4), whereas only 7% of birds died
when sprayed with the bacteriophage cocktail and imme-
diately challenged with E. coil (treatment 5). Mortality of
birds sprayed only with PBS at 7 d of age and challenged
a day later (8 d of age) was 40% (treatment 6). Mortality
of birds sprayed with 2 bacteriophages at 7 d of age and
challenged with E. coli 1 d later (8 d of age) was 27%

(treatment 7), which was not significantly different from
birds sprayed with PBS and challenged at 8 d of age.
Mortality of birds sprayed with PBS at 7 d of age and
challenged with E. coli 3 d later (10 d of age) was 40%
(treatment 8). Mortality of birds sprayed with 2 bacterio-
phages at 7 d of age and challenged with E. coli at 10 d
of age was 3% (treatment 9), which was significantly less
than the mortality observed for birds sprayed with PBS
at 7 d of age and challenged with E. coli at 10 d of age
(40%). In these studies bacteriophage were effective at
preventing the onset of severe colibacillosis when admin-
istered immediately prior to challenging the birds with
E. coli, and in the trial presented here was effective in
preventing the onset of severe colibacillosis for up to 3
d after the bacteriophages were administered. These data
have practical significance given that aerosol sprays are,
and have been, used by the poultry industry in the hatch-
ery and grow-out environments. It might be possible to
reduce the incidence of colibacillosis in poultry produc-
tion by spraying the birds with bacteriophage in the
hatchery, which would provide some protection to the
chicks for some time after placement when they are the
most susceptible to respiratory infections. In addition, it
may be possible and practical to spray flocks of older
birds experiencing an acute outbreak of colibacillosis to
protect the birds in the flock from horizontal infection
from their acutely infected flock mates.

We have continued our work with bacteriophage to
determine the efficacy of bacteriophage to treat bacterial
infections. The general design of these studies has been to
challenge birds with E. coli followed with bacteriophage
treatment as an aerosol spray or an intramuscular injec-
tion of bacteriophage (Huff et al., 2003a). Although aero-
sol spray provides good protection of the birds from the
onset of severe colibacillosis, it is not very effective in
treating colibacillosis once the infection become systemic.
However, an intramuscular injection of bacteriophage is
a very effective treatment of colibacillosis as shown in
Figure 3. In these studies birds were challenged with E.
coli with an air sac inoculation when they were 7 d of
age, which was followed by an intramuscular injection
of bacteriophage immediately after challenge (7 d of age),
24 h after challenge (8 d of age), or 48 h after challenge
(9 d of age). Significant treatment efficacy to rescue the
birds from severe colibacillosis was observed even when
treatment was delayed for 48 h after challenge. An intra-
muscular injection of bacteriophage produces rapid and
relatively high titers of systemic bacteriophage compared
with the systemic levels of bacteriophage that can be
obtained with aerosol administration of bacteriophage
(Huff et al., 2003a). This difference in the blood levels of
bacteriophage makes a big difference in the therapeutic
efficacy of intramuscular injection of bacteriophage com-
pared to aerosol administration of bacteriophage. Once
the birds are air sac challenged with E. coli, the infection
becomes systemic, very quickly requiring systemic levels
of any therapeutic agent, in this case bacteriophage. We
have also found that multiple intramuscular injections of
bacteriophage provide better therapeutic efficacy then a
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FIGURE 3. The effect on mortality (%) of an intramuscular injection
of bacteriophage after challenging the bird with Escherichia coli to treat
severe colibacillosis in broiler chickens. Treatment 1, control; treatment
2, PBS challenge; treatment 3, heat-killed bacteriophage injection; treat-
ment 4, active bacteriophage injection; treatment 5, E. coli challenged
at 7 d of age; treatment 6, E. coli challenged at 7 d of age heat killed
bacteriophage injection at 7 d of age; treatment 7, E. coli challenged at
7 d of age bacteriophage injection at 7 d of age; treatment 8, E. coli
challenged at 7 d of age heat killed bacteriophage injection at 8 d of
age; treatment 9, E. coli challenged at 7 d of age bacteriophage injection
at 8 d of age; treatment 10, E. coli challenged at 7 d of age heat killed
bacteriophage injection at 9 d of age; and treatment 11, E. coli challenged
at 7 d of age bacteriophage injection at 9 d of age. *“Vertical bars with
different letters differ significantly (P < 0.05).

single intramuscular injection of bacteriophage (Huff et
al., 2003b).

SUMMARY

The potential of bacteriophage to reduce the impact of
bacterial pathogens in a variety of applications appears
great given the fact that bacteriophage kill bacteria. Our
work and that of many others, cited above, has docu-
mented the potential of bacteriophage to be an effective
alternative to antibiotics. There are some perceived and
real limitations of the potential of bacteriophage that have
affected their acceptance and practicality, which we have
discussed in detail in an earlier publication (Huff et al.,
2004). Some of these limitations include their specificity,
their ability to act as a vehicle of bacterial genes with
consequent transformation of infected bacteria, uncer-
tainty over regulatory acceptance of bacteriophage, con-
cern over protection of proprietary rights of
bacteriophage products, fragile activity, and practical
routes of administration of bacteriophage in animal pro-
duction systems. Many, if not all, of these limitations can
be solved by research. The concept that bacteriophage
can be used in several ways to decrease the negative
impact of bacterial pathogens on poultry production has
been demonstrated, and bacteriophage can provide an
effective alternative to antibiotics. The challenge is not
whether bacteriophage work, but which bacteria patho-
gens should we target for bacteriophage control, and how
can we make bacteriophage practical within our poultry
production systems.
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